Introduction
Nephrogenic systemic fibrosis (NSF) is a debilitating disorder that is seen in patients with a marked reduction in renal function. The world's first NSF case was identified in 1997 in California, USA, but the condition was first reported in the literature in 2000 by Cowper et al. [1] . Initially, the disease was given the name nephrogenic fibrosing dermopathy, but later, when reports demonstrated that the disease affects multiple organs and several tissues, the original name was replaced by the term 'nephrogenic systemic fibrosis' [2] [3] [4] .
In January 2006, a report from Austria suggested a link between NSF and the administration of gadolinium (Gd 3+ )-based contrast agents (Gd-CA) [5] . A few months later, a report from Denmark documented a series of 13 patients who developed NSF following contrast-enhanced MRI examinations with Gd-CA [6] . Since then, a large number of reports have appeared in the literature linking Gd-CA with NSF [7] . This minireview is designed to offer a concise but comprehensive overview of NSF by answering -according to our current state of knowledge -important questions on this devastating disease.
What Is NSF?
NSF affects mainly patients with end-stage renal disease, including those on dialysis. It is characterised by the development of discoloured skin plaques that can be itchy and painful ( fig. 1 ). The extremities and the trunk are affected but the head and neck are spared, with the exception of bilateral yellowed scleral plaques. Contractures of joints and complete loss of range of motion may occur. The severity of the disease varies from one patient to another and the fibrotic changes can be widespread, possibly affecting other organs such as the liver, lungs, muscles and heart [4, 8, 9] . In some cases, NSF causes serious physical disability, which can lead to patients requiring a wheelchair. Mortality in patients with multisystem involvement has also been reported [4, 9] . The differential diagnosis of NSF is presented in table 1 [4] .
Pathological Findings
Pathological changes seen on routine light microscopy of biopsies of affected skin vary with disease severity, ranging from subtle changes to marked thickening of the dermis. Thick collagen bundles, numerous CD34-positive spindle cells (fibrocytes) and histiocytes are the prominent histological findings of NSF. Elastic fibres, mucin and elevated tissue levels of transforming growth factor-␤ can also be detected. Calcification in vascular walls is a common feature. The fibrotic process may extend through the fascia into the underlying skeletal muscle, which becomes atrophic ( fig. 1 ) [3, 4] . Deposits of Gd in the skin are not detected by routine histology stains.
Is There a Causal Relation between NSF and Gd-CA?
NSF was not identified before 1997, which suggests that it is a new disease that is probably due to exposure of patients with advanced chronic kidney disease (CKD) to [7] . The onset of the disease varies from a few days to a few months after exposure to Gd-CA; a median time of 14 days (range 1-53 days) from exposure was reported in one study [8] . In some patients a period of a year or more between Gd-CA exposure and development of NSF has been claimed. Severe cases are usually associated with the large doses used for magnetic resonance angiography or after multiple exposures, but the disease has also been reported after a standard dose of Gd-CA [8] .
Can All Gd-CA Cause NSF?
The vast majority of NSF cases have been associated with gadodiamide (Omniscan, GE Healthcare, USA). Smaller percentages of cases have been directly linked to gadopentetate dimeglumine (Magnevist, Bayer Schering, Germany), gadoversetamide (Optimark, Covidien, USA). Only 5 cases of NSF have been published that have no reliable Gd-CA exposure [7] . However, the skin biopsies of these 5 patients have not been examined for the presence of gadolinium. A summary of cases of NSF reported in the literature is presented in table 2 [7] . The frequent association with gadodiamide was also observed in cases reported to drug safety regulatory authorities in the USA and Europe, as well as in the records of the International Center for Nephrogenic Fibrosing Dermopathy Research at Yale University, USA. The frequent association of NSF with Omniscan (83% of cases reported in the literature) cannot be explained by market share, which was around 26% in the USA from July 2005 to September 2007. Magnevist had the highest market share in the USA, which was about 54% in the same period [11] .
The epidemiology of NSF associated with Gd-CA suggests that the stability of the Gd chelates is likely to be an important factor in the pathogenesis of this condition [12, 13] . Molecules of low stability, such as gadodiamide, are prone to spontaneous dissociation and transmetallation with endogenous ions, leading to the release of free Gd ions (Gd 3+ ) which may deposit in tissues and initiate the process of fibrosis [12] .
What Do Stability of Gd-CA and Transmetallation
Mean? Extracellular Gd-CA are all chelates containing Gd 3+ . Stability refers to the relative tendency of the Gd 3+ to remain coordinated (attached) to the chelating agent. Free Gd 3+ is highly toxic and can cause splenic degeneration, central lobular necrosis of the liver, enzyme inhibition, calcium channel blocking and a variety of haematological abnormalities [14] . Therefore, to avoid its toxic effects, it is crucially important that Gd 3+ should be strongly attached to a chelate. There are 7 extracellular Gd-CA currently available for clinical use ( table 3 ) [12] [13] [14] . The configuration of the Gd-CA molecule is either linear or cyclic and they are available as ionic or non-ionic preparations. There are differences in the chemical stability of these agents and their liability to release free gadolinium ions. The binding to Gd 3+ is weak in the non-ionic linear molecules, whereas the cyclic molecules offer better protection and binding to Gd 3+ [12] [13] [14] . The following measurements are used to assess the stability of the chelate molecules: the thermodynamic stability constant at pH 11, conditional stability at pH 7.4 and kinetic stability [dissociation half-life under very acidic conditions (pH 1)]. The higher the value of these measurements, the higher is the stability of the molecule. In addition, the presence of a large amount of excess chelate in the Gd-CA preparation is an indirect marker of the low stability of the molecule [12] [13] [14] [15] . Considering the different stability measurements, the most stable molecule is the ionic cyclic chelate, which has the highest stability values and the longest dissociation half-life ( table 3 ) . In contrast, the least stable preparations are the non-ionic linear chelates which have the lowest thermodynamic and kinetic stability values and the highest amount of excess chelate in comparison to the other types of Gd-CA ( table 3 ) [12] [13] [14] . A recent study evaluated dissociation half-life of Gd-CA under controlled laboratory conditions and confirmed that the ionic macrocyclic chelate has the highest kinetic stability, followed by the non-ionic macrocyclic chelates. The linear chelates had the lowest kinetic stability in the study ( table 4 ) [15] . The clinical importance of the differences in the kinetic stability measured in vitro between the ionic and non-ionic macrocyclic agents remains to be established. So far, in vivo studies measuring gadolinium retention in tissues after Gd-CA exposure as a marker of the stability of the contrast agent have not shown significant differences between the macrocyclic agents [14] .
Transmetallation refers to the replacement of the metal ion in the chelate by another ion. In vivo, endogenous ions, particularly zinc which is readily available, can replace Gd 3+ to form chelates which are excreted in urine. The free Gd 3+ cations become attached to endogenous anions, such as phosphate, hydroxide, carbonate or citrate, to form insoluble salts which deposit in tissues [12] [13] [14] . Transmetallation of Gd-CA by zinc ions was shown in healthy volunteers by measuring zinc excretion in urine after intravenous administration of Gd-CA [16] . Gadodiamide caused the highest increase in zinc in the urine, followed by Magnevist. The macrocyclic agent Dotarem (Guerbet, France) caused minimal zinc excretion [16] . In vitro studies also demonstrated that, in contrast to the linear chelates, all macrocyclic chelates are insensitive to transmetallation by zinc ions [17] .
What Is the Pathophysiology of NSF?
In patients with advanced CKD, the elimination halflife of Gd-CA can be prolonged to 30 h or more [18] . Patients on haemodialysis would require 3 consecutive di- alysis sessions over 6 days to remove 97% of the administered dose of Gd-CA from the body. Continuous ambulatory peritoneal dialysis for 20 days eliminates only 69% of the injected dose of Gd-CA [18] . Transmetallation and spontaneous dissociation of Gd-CA, leading to the release of free Gd 3+ cations, are likely to occur when the Gd chelate remains in the body for a long period, as is the case in patients with end-stage renal disease, including those on dialysis [12] . It is reasonable to hypothesise that free Gd 3+ cations become attached to endogenous anions, particularly phosphate, forming insoluble salts that deposit in tissues. These insoluble molecules are engulfed by local macrophages, which in turn release a range of cytokines, including transforming growth factor-␤ 1 , that attract circulating fibrocytes and initiate the process of fibrosis [12, 19] . There is evidence that tissue fibrosis in NSF is caused by circulating fibrocytes recruited from the circulation, rather than by proliferation of resident dendritic cells. In addition, hybridisation studies have showed a marked increase in transforming growth factor-␤ 1 mRNA levels in the skin and fascia of patients with NSF [3, 4] .
What Are the Co-Factors Which May Contribute to the Pathogenesis of NSF?
Most patients with advanced CKD who are exposed to Gd-CA do not develop NSF, suggesting that other factors, such as inflammatory events, metabolic acidosis, epoetin dosing or high phosphate levels, may play a role. However, it remains unclear whether the variables presented below are independently associated with an increased risk of NSF or it is simply that the majority of them are associated with an increased likelihood of Gd-CA administration [20] .
Inflammatory Events. Some reports suggested a possible association between recent surgical interventions, infection or thrombotic events and NSF [21] . However, this association is not consistent and was not observed in other reports [8] .
Metabolic Acidosis. Although transmetallation and release of Gd 3+ ions are more likely to occur in an acidic milieu, the association between acidosis and NSF has not been confirmed in several studies [8] .
Erythropoietin Therapy. Initiation of recombinant human erythropoietin (EPO) therapy or an increase in dose may be associated with NSF, but the true nature of the relationship between EPO and NSF remains incompletely understood. EPO has been implicated because it may have fibrogenic potential: it stimulates the bone marrow, and a large number of bone-marrow-derived CD34 fibroblasts infiltrate the dermis in NSF [22] . An association between NSF and EPO has not been consistently observed and a cause-and-effect relationship cannot be proven [20] .
Hyperphosphataemia. Patients with end-stage renal disease are likely to have high levels of serum phosphate which would compete to separate the Gd 3+ ion from its chelate, forming gadolinium phosphate that may deposit in tissues and initiate the fibrotic process. Gd deposition in NSF has been found to be restricted to areas with concomitant calcium phosphate deposition [23] . Marckmann et al. [8] also found that among CKD patients exposed to Gd-CA, those who developed NSF had higher serum calcium and phosphate levels than those who did not develop NSF. Further studies are required to elucidate the role of hyperphosphataemia in the pathogenesis of NSF.
Liver Transplantation. NSF has been described in liver transplant recipients in combination with advanced renal dysfunction. The patients required dialysis before or after transplantation, although some patients were no longer dialysis dependent at the onset of NSF [24, 25] .
Absence of Treatment with Angiotensin-Converting Enzyme Inhibitors. Angiotensin-Converting Enzyme inhibitors have anti-fibrogenic properties and their absence may promote the development of NSF [26] . However, this has not been a consistent finding in patients with NSF [8] .
What Are the Experimental Data on the Role of Gd-CA in the Pathogenesis of NSF?
In vivo Studies A rat model of NSF associated with repeated (20 days) injection of a high dose (2.5 mmol/kg) of Gd-CA was reported by Sieber et al. in 2008 [27] . Skin lesions consistent with human NSF were observed as early as 8 days after starting non-formulated Gd-DTPA-BMA treatment and 20 days after starting formulated Gd-DTPA-BMA (Omniscan) solution, but not Gd-DTPA (Magnevist). The highest Gd 3+ concentrations in the skin and the most advanced skin lesions were found in animals that received low-stability Gd-CA. These data are strongly supportive of a link between released Gd 3+ due to low stability of chelates and the development of NSF-like skin lesions. It is of interest that in this study the rats had normal renal function, and in spite of the rapid elimination of the injected Gd-CA (biological half-life of Gd-CA in rats with normal renal function is approx. 20 min) NSF-like skin c29 lesions developed, suggesting that some dissociation of the Gd-CA and release of free Gd 3+ occurs even in the presence of normal renal function. It is reasonable to conclude from the findings of Sieber et al. [27, 28] that multiple repeated injections of low-stability Gd-CA in the absence of renal impairment can lead to gradual accumulation of Gd 3+ in tissues until it reaches a threshold level that triggers the fibrotic process. A previous study in humans has shown that Gd 3+ deposition in bone occurs in patients with normal renal function. In this study, the Gd 3+ retention in bone with gadodiamide (Omniscan) was 2-4 times more than gadoteridol (Prohance, Bracco, Italy; a non-ionic macrocyclic Gd-CA) [29] . Thus, from the previously quoted studies it is tempting to postulate that multiple administrations of large doses of low-stability Gd-CA may cause NSF even in patients with normal renal function, although this is unlikely in clinical practice.
Additional studies are required, preferably using animal models of CKD such as the 5/6th subtotal nephrectomy model, which would reproduce an in vivo situation comparable to that of patients with advanced CKD [12, 30] .
In vitro Studies: Cell Culture of Fibroblasts
Serum from NSF patients has recently been shown to stimulate control fibroblast hyaluronan synthesis by up to 7-fold and collagen by up to 2.4-fold in comparison with control fibroblast cultures incubated with serum derived from healthy volunteers and dialysis patients not suffering from NSF. Control fibroblasts exposed to Gd-DTPA-BMA (1.0 m M ) for up to 7 days showed a significant stimulation of proliferation but no response to incubation with GdCl 3 . The authors suggested that Gd 3+ may not be responsible for the cell growth. Omniscan (Gd-DTPA-BMA) has also induced the expression of ␣ -smooth muscle actin staining, suggesting induction of a myofibroblast phenotype [31] . Additional studies comparing various Gd-CA are required to elicit the existence of any difference in the effect on fibroblasts.
How Can NSF Be Avoided?
Patients at risk of NSF should be identified before administering Gd-CA. Screening for renal dysfunction by obtaining a history and/or laboratory tests should be implemented and is mandatory before the use of Omniscan, Optimark (non-ionic linear chelates) and Magnevist (ionic linear chelate). Imaging techniques that do not require contrast medium injection should be considered in patients with marked reduction in renal function. If contrast-enhanced MRI examination with Gd-CA is deemed necessary in these patients, the following recommendations should be implemented [32] .
-Patients with a glomerular filtration rate ^ 30 ml/min, including those on dialysis, should not receive nonionic linear chelates (Omniscan, Optimark) or the ionic linear chelate Gd-DTPA (Magnevist). -The most stable Gd-CA should be used in these patients (macrocyclic chelates). -The lowest possible dose of Gd-CA to achieve a diagnostic examination should be used. -Allow at least 1 week before giving more Gd-CA. In the USA, the Food and Drug Administration has asked manufacturers of all Gd-CA to include a new boxed warning on the product label that states: 'Patients with severe kidney insufficiency who receive gadoliniumbased agents are at risk for developing a debilitating, and a potentially fatal disease known as nephrogenic systemic fibrosis (NSF).' In addition, it states that 'patients just before or just after liver transplantation, or those with chronic liver disease, are also at risk for developing NSF if they are experiencing kidney insufficiency of any severity'.
The Food and Drug Administration also recommends that patients should be screened for kidney problems prior to receiving any Gd-CA, the recommended dose should not be exceeded and enough time should elapse before the agent is used again.
In . Magnevist should be used with caution in patients with moderate renal impairment (i.e. GFR or eGFR 30-59 ml/min/1.73 m 2 ), and should be used in neonates and infants up to 1 year of age only after careful consideration. All patients, particularly those older than 65 years, should be screened for renal dysfunction by obtaining a history and/or laboratory tests before these contrast agents are used. Careful consideration should be given to the use of the other gadoliniumcontaining MRI contrast agents in patients with severe renal impairment (i.e. GFR or eGFR ! 30 ml/min/1.73 m 2 ).'
Further information can be found at the websites of the Food and Drug Administration (www.fda.gov/cder/ drug/infopage/gcca/default.htm), the UK Medicines and Healthcare Products Regulatory Agency (www.mhra.gov. uk), the European Society of Urogenital Radiology (www. esur.org) and the International Center for Nephrogenic Fibrosing Dermopathy Research (www.icnfdr.org).
Is There an Effective Treatment for NSF?
Several treatments (see below) have been evaluated, but none has shown consistent benefit. Therapy is usually directed towards improving renal function, hindering the progression of fibrosis and intensive physical therapy to prevent or reverse disability related to joint contractures.
Renal Transplantation
Stabilization or improvement of NSF is frequent in patients who recover renal function. Therefore, renal transplantation may benefit patients with NSF who are candidates for this procedure, although efficacy is not conclusively proven [33] .
Extracorporeal Photopheresis
Extracorporeal photopheresis induces monocyte-derived tumour necrosis factor-␣ , which in turn suppresses collagen synthesis and enhances collagenase production [34, 35] . Although improvement of NSF symptoms was noted in some reports, the benefit of extracorporeal photopheresis in treating NSF remains unproven.
Ultraviolet A1 Phototherapy
Ultraviolet A1 phototherapy can inhibit procollagen synthesis in human skin, but its therapeutic effect has been inconsistent in treating NSF patients [36] .
Plasmapheresis
The benefits of plasmapheresis in patients with NSF have been inconsistent and its therapeutic value is not certain [25] .
Pharmacological Manipulation
Topical, intralesional or oral glucocorticoid therapy and cyclophosphamide have shown no benefit. Intravenous injection of sodium thiosulphate, which is an antioxidant and may have a chelating effect on free gadolinium, has been recommended by some authors, but the therapeutic efficacy of this drug remains uncertain [37] .
Conclusions
NSF is a disease that may affect patients who have a marked reduction in renal function, including those on dialysis, and it has a strong association with exposure to low-stability Gd-CA. The reported prevalence of NSF after exposure to low-stability Gd-CA was around 5% [6] . However, the true prevalence remains unclear. Recent reports documented high rates of incidence of NSF: 18% according to Rydahl et al. [38] , while Todd et al. [39] reported 30%. The high prevalence of NSF in these studies could be due to identifying patients with mild disease which were probably overlooked in earlier reports. Systematic reviews of all patients with CKD exposed to Gd-CA are required to clarify the true prevalence of NSF.
There are further questions about NSF that remain unanswered and challenging for researchers in this field. The pathogenesis of NSF has not been established to date. The role of co-factors and whether they are independent risk factors that can initiate the process of NSF without the need for Gd-CA exposure is also not clear. Although there are few cases in the literature of NSF without a history of Gd-CA administration, exposure to Gd-CA cannot be excluded with certainty in these patients, particularly as their skin biopsies have not been examined for presence of gadolinium with sensitive techniques that detect even very small amounts of gadolinium [40] .
It is hoped that the current efforts by researchers worldwide will improve our understanding of NSF and result in eradication of this devastating disease in the near future.
